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Summary
Light is a powerful synchronizer of the circadian rhythms, and bright light therapy is known to improve metabolic and
hormonal status of circadian rhythm sleep disorders, although its mechanism is poorly understood. In the present study,
we revealed that light induces gene expression in the adrenal gland via the suprachiasmatic nucleus (SCN)-sympathetic
nervous system. Moreover, this gene expression accompanies the surge of plasma and brain corticosterone levels without
accompanying activation of the hypothalamo-adenohypophysial axis. The abolishment after SCN lesioning, and the day-
night difference of light-induced adrenal gene expression and corticosterone release, clearly indicate that this phenome-
non is closely linked to the circadian clock. The magnitude of corticostereone response is dose dependently correlated
with the light intensity. The light-induced clock-dependent secretion of glucocorticoids adjusts cellular metabolisms to
the new light-on environment.Introduction
In mammals, most physiological and behavioral events are
subjected to well-controlled daily oscillations generated by an
internal self-sustained molecular oscillator referred to as a bio-
logical clock (Moore, 1997). It is now well established that the
central oscillator of mammals resides in the hypothalamic su-
prachiasmatic nucleus (SCN) (Hastings et al., 2003; Antle et al.,
2003), and recent molecular dissection of the biological clock
has indicated that the core oscillator of the master clock in the
SCN is composed of interacting positive and negative tran-
scription/translation feedback loops of clock genes (Lowrey
and Takahashi, 2004; Cardone and Sassone-Corsi, 2003). Light
stimuli are known as the most important “zeitgeber” of the cir-
cadian clock, allowing adaptation to changing environmental
light-dark cycles (DeCoursey, 1972; Boivin et al., 1996). In
mammals, the light signals received in retinal photoreceptor
cells are converted into nerve pulses, and the retinal ganglion
cells convey this information to the SCN, and entrain the circa-
dian clock to environmental light-dark cycles.
Since bright light therapy was introduced for the treatment
of seasonal affective disorders in the early 1980s (Rosenthal et
al., 1984), it has now been applied to many circadian sleep
disorders including jet lag syndrome and shift work sleep disor-
der, which is known to accompany a variety of metabolic com-
plaints including hypertension, cancer, and diabetes (Chesson
et al., 1999; Knutsson, 2003; Filipski et al., 2004). In these pa-
tients, light therapy improves not only psychiatric status but
also disordered hormones and metabolisms. However, effects
of light have only been established in melatonin (Lewy et al.,
1980), and the remaining powerful and broad effects of light on
body metabolism and hormones remain to be clarified.CELL METABOLISM : NOVEMBER 2005 · VOL. 2 · COPYRIGHT © 2005 EThe mammalian circadian system is composed of multiple
oscillatory systems with a hierarchical architecture in which the
hypothalamic SCN being on the top and peripheral clocks in
each organ at the bottom. Output signals from SCN transmit
standard circadian time to whole body through neuronal (In-
ouye and Kawamura, 1979) (e.g., autonomic nervous system)
and/or humoral (Silver et al., 1996) routes. To reveal the effect
of applied light on physiological status, we focused on Per1
gene since this gene is expressed in most cells in the body (Tei
et al., 1997; Sun et al., 1997) and is acutely induced by a vari-
ety of stimuli (Balsalobre et al., 1998; Yagita et al., 2001) includ-
ing light (Shigeyoshi et al., 1997). Here, we examined this gene
expression in visceral organs of living animals using Per1 pro-
moter-luciferase (Per1-luc) transgenic mice with a two-dimen-
sional photon-counting camera, which enabled the detection
of light-induced gene expression at each organ at one glance.
Previously, this technique was successfully applied to detect
the increase of Per1-luc in the liver after the electrical stimula-
tion of the splanchnic nerve hepatic branch innervating the liver
(Terazono et al., 2003).
Results
Light-induced gene expression is specific
for adrenal gland
Before the light exposure, the abdominal organs showed only
very weak luminescence, with slightly stronger luminescence
in the adrenal gland (Figure 1, “Before”). After the light expo-
sure at night, luciferase luminescence increased in the adrenal
gland (Figure 1, “After Light”; see also Figure 5A). This increase
was already recognized at 30 min after the light exposure andLSEVIER INC. DOI 10.1016/j.cmet.2005.09.009 297
A R T I C L EFigure 1. Light-induced Per1-luc luminescence in visceral organs
Luciferase bioluminescence in the abdomen of Per1 promoter-luciferase (Per1-luc) transgenic mice before and after 60 min of the beginning of the light exposure. On
the experimental day, each Per1-luc mouse housed in 12 hr light/12 hr dark cycle schedules was anesthetized at 3 hr after the dark with an injection of urethane (1.4
g/kg, ip), and exposed to brief light (2000 lux white beam light for 30 min). Note the high level of expression of luciferase luminescence in the adrenal gland (arrows)
after the light exposure. The image of adrenal luminescence is larger than real size of the adrenal gland because of the reflection of luminescence.reached the maximal level after 60–120 min. In contrast, no
prominent changes were observed in the liver or kidney in the
light-exposed animals. Adrenal gland is located in the cross
of the hormonal and neuronal regulations: the adrenal glands
receive ACTH stimulation by the endocrine hypothalamo-pitu-
itary-adrenal-axis (HPA-axis), and sympathetic preganglionic
regulation by the splanchnic nerve, and secrete glucocorti-
coids in a circadian fashion. In the following study, we analyzed
light-induced change of adrenal gland from gene expression to
the hormonal secretion.
Light induces a variety of genes in the adrenal gland
To know the genome-wide effect of light on adrenal gland at
the level of gene expression, we used the DNA microarray
technique to study the adrenal gland. C57BL/6 mice, which
had been housed in 12 hr light/12 hr dark conditions for at
least 2 weeks, were transferred to constant darkness (DD). On
the second day of DD, we applied a brief light stimulus (400 lux
incandescent light), which is sufficient for resetting the clock of
these mice at subjective night CT16 (CT = circadian time set 0
as previous dawn and 12 as previous dusk), analyzed the gene
expression profiles in the adrenal glands at 60 min after the
initiation of light exposure, and compared them to those of the
mice without light exposure (Figure 2A). We found 156 upregu-
lated genes and 39 downregulated genes that had at least a
1.4-fold change (Figure 2B). Among these: Crem, Cebpb,
E4bp4, and Per1 are well known as transcription factors;
Nr4a1, Nr4a2, and Nr5a1 are reported to regulate transcription
of key enzymes for steroid synthesis such as CYP21,
CYP11A1, and CYP11B2 (Kelly et al., 2004); Gadd45b and
Bag3 are related to cell cycle; Apoa1 and Apoc1 are apolipo-
proteins; and Serpina1 is a serine protease inhibitor. Northern
blotting analysis confirmed the microarray data demonstrating
a clear increase of Crem and Per1 and a decrease of Apoa1
and Serpina1 (Figure 2C).
The adrenal gland has two anatomically and functionally dif-
ferent components: the cortex and the medulla. To clarify298which region of the adrenal gland responds to the light-induced
increase in gene expression, we performed in situ hybridization
of Per1 and Per2, another gene having properties of both clock
oscillation and light-inducible immediate early gene (Takumi et
al., 1998). We found light-induced increases in Per1 mRNA and
Per2 mRNA in all cortical layers (zona glomerulosa, zona fasci-
culata, and zona reticularis), with no change in the adrenal me-
dulla (Figure 2D). In conclusion, light induced a variety of genes
in the adrenal gland, the changes occurred mainly in the adre-
nal cortex, and altered gene expression could be monitored in
living Per1-luc transgenic mice by macroimaging using a pho-
ton-counting camera.
Light-induced gene expression accompanies delayed
corticosterone release
We next investigated whether light-induced gene expression is
accompanied by functional changes in the adrenal gland, by
examining the effect of light on the plasma concentration of
corticosterone and ACTH. Although not changed in the initial
30 min, we found that plasma corticosterone was clearly in-
creased at 60–120 min after the light stimulus and returned to
baseline after 180 min (Figure 3A). The increase was not the
effect of a circadian change in corticosterone, since we found
an almost 3-fold difference in plasma corticosterone between
the light-exposed and light-unexposed animals at 60 min after
the light exposure. Interestingly, there was no significant
change in ACTH after the light pulse (Figure 3A).
To characterize this light-induced effect of corticosterone
secretion, we compared these data with animals which were
subjected to forced swim stress as a predominantly physical
stressor (Figure 3B). To exclude the possible light and circadian
effect, we performed this experiment under the safe red light
at subjective night (CT16). In forced swimming animals, corti-
costerone as well as ACTH levels were increased immediately
(i.e., 2–5 min) to the maximal level. In this case, corticosterone
is secreted by the stimulation of ACTH, and in the case ofCELL METABOLISM : NOVEMBER 2005
Light activates adrenal glandsFigure 2. Adrenal genes induced by the light exposure
A) Housing schedule of experimental animals for DNA microarray analysis. White and black bars represent times when lights were on or off, respectively. Animals were
housed in 12 hr light: 12 hr dark schedules at least for 2 weeks, and then, transferred to constant dark condition the day before the experiment. At the day of the
experiment, light (400 lux, incandescent light) was exposed at CT16 for 30 min, and then again transferred to constant dark condition. Adrenal glands were extracted
for the microarray analysis at 60 min after the beginning of the light exposure.
B) The list of representative light-induced upregulated and downregulated transcripts in the adrenal gland by the DNA microarray analysis. Fold change was calculated
light-exposed mRNA divided by non-light-exposed control mRNA.
C) Northern blotting analysis of some representative genes in (B). Note that Crem and Per1 increase and Apoa1 and Serpina1 decrease.
D) Light-induced change of the expression of Per1 and Per2 genes in the adrenal gland by the in situ hybridization. The signal intensities at each adrenal gland (cortex
[zona glomerulosa, zona fasciculata, and zona reticularis] and medulla) were shown as the ratio of the signal of zona glomerulosa without light exposure (mean ± SEM,
n = 10). Statistical significance in two-tailed Student’s t test is indicated by *p < 0.01 for the 3 layers of the cortex. Both Per1 and Per2 were induced significantly in
the cortex but not in the medulla. The scale bars represent 500 µm.CELL METABOLISM : NOVEMBER 2005 299
A R T I C L EFigure 3. Corticosterone and ACTH after light expo-
sure and forced swimming test
A) Effect of light on plasma level of corticosterone
and ACTH. Light (400 lux incandescent light; 30
min) was exposed to C57BL/6 mice at subjective
night (CT16), and plasma levels of corticosterone
and ACTH were examined after 5, 30, 60, 120, and
180 min (means ± SEM, n = 8 at each time point).
For corticosterone, light-unexposed controls were
prepared at each time point (n = 8, red column with
oblique line). Note corticosterone steadily increase
until 60–120 min, but at 180 min, plasma levels re-
turned to the previous level after the light exposure.
In spite of this corticosterone change, ACTH re-
mained unchanged even after light exposure. The
comparison of light-exposed and light-unexposed
control was analyzed by Student’s t test (gray aster-
isks; p < 0.05).
B) Plasma level of corticosterone and ACTH in the
forced swimming test. Male C57BL/6J mice 7–8
weeks of age were subjected to forced swim stress
as a predominantly physical stressor (n = 6 at each
time point; total n = 24). On the day of testing, each
mouse was placed for 0–30 min in a plastic bucket
(diameter, 30 cm; height, 35 cm) filled with tap water
(25°C) at CT16 in a completely dark room. This ex-
periment was performed under the safe red light.
Subsequently, blood collection was performed by
decapitation immediately after the end of stress ex-
posure. For the 60 min, the animals were returned
to their home cages in a dark room after 30 min
swimming stress and 30 min later, blood collection
was performed. Plasma ACTH and corticosterone
concentrations were determined. The pooled data
of experiments are presented as the mean ± SEM,
and statistical significance (*p < 0.05) was com-
puted with analysis of variance (ANOVA) and Schef-
fe’s multiple comparisons.ACTH stimulation triggers, corticosterone response occurs im-
mediately (within 5 min). Since the light-induced corticosterone
does not accompany ACTH release, it is unlikely that the HPA
axis is involved in this process. The larger time lag of the re-
sponse of corticosterone (60 min) also suggests the different
mechanism in this process.
Light-induced adrenal change is SCN-driven
and circadian phase dependent
To characterize this ACTH-independent corticosterone release,
we examined the possible role of SCN which has the dominant
role of circadian fluctuation of plasma corticosterone (Moore
and Eichler, 1972). First, we applied light to SCN-lesioned mice
(Figure 4A). The light-induced corticosterone response was not
observed after the SCN lesion. SCN lesions also affected re-
sponses at the level of gene expression, since light-induced
increases in luminescence did not occur in SCN-lesioned Per1-
luc transgenic mice (Figure 4B, compare this to Figure 1). This
demonstrates that the SCN plays a crucial role in light-induced
adrenal changes.
Because lesion studies suggest an important role of the SCN
in light-induced adrenal responses, we examined further whether
these changes are circadian phase-dependent, similar to those
of behavioral locomotor rhythms. In urethane-anesthetized
Per1-luc mice, weaker luciferase luminescence was observed300during day than at night (Figure 4C), which is supported by the
Northern blot analysis in the adrenal gland in conscious mice
(Figure 4G). These findings strongly suggest that there is a cir-
cadian difference in sensitivity to the light for adrenal gene ex-
pression. The day-night difference in the light effect was also
found in adrenal (sympathetic) nerve activity: adrenal nerve
activities were increased, peaking at 60–120 min after the initi-
ation of white beam light at nighttime, although the same light
exposure induced a very faint increase in nerve activity at day-
time (Figure 4D). The magnitude of the increase in nerve activ-
ity was dependent on light intensity and was abolished after
SCN lesion (Figure S2 in the Supplemental Data available with
this article online). These day-night differences in gene expres-
sion and nerve activity in anesthetized animals were also ob-
served at hormone levels in freely moving animals. On the sec-
ond day of constant darkness, the light-induced corticosterone
increase was more prominent at subjective night (CT16) than
at subjective day (CT4) in the freely moving mice (Figure 4E).
At which levels do these circadian phase-dependent changes
of reaction occur? The existence of local adrenal clocks was
suggested by endogenous circadian change of Per1 and Per2
mRNAs in the adrenal gland in constant dark conditions (Figure
4F). Not only these clock genes but some local genes (Nr4a1
[Figure 4F] and Nr4a2) showed the clear circadian curve similar
to Per1 and Per2 mRNA. As expected, arrhythmic Cry1−/−CELL METABOLISM : NOVEMBER 2005
Light activates adrenal glandsFigure 4. Circadian effect of the light-induced adre-
nal change and corticosterone release
A) Corticosterone level in SCN-lesioned animals in
comparison to nonlesioned animals (n = 4 at each
condition; means ± SEM, p < 0.01) at 60 min after
the light exposure. Two weeks after the SCN lesion,
the light-induced increase of plasma corticosterone
was not observed anymore, although control mice
showed the significant increase.
B) In SCN-lesioned Per1-luc transgenic mice, light
exposure (2000 lux for 30 min at ZT16) does not
change the luciferase luminescence in adrenal gland
(arrows) even 60 min after the beginning of the light.
Compare these figures with Figure 1, where experi-
mental condition is the same except the SCN
lesioning.
C) Responses of the Per1-luc luminescence to light
(900 lux of white beam light from glass fiber) at day-
time and nighttime in urethane-anesthetized trans-
genic animals. Note the bioluminescence of Per1-
luc of the adrenal glands at daytime is far lower than
those at CT16. Asterisks at night indicate the liver
covering the right adrenal gland.
D) Grouped data showing time course change of
the adrenal (sympathetic) nerve activity (ANA) after
the light stimulus (urethane-anesthetized; 900 lux
white beam light; means ± SEM; n = 12; 6 animals/
group) at nighttime and daytime.
E) Corticosterone response to light (400 lux incan-
descent light; 30 min) in awake mice at CT4 and
CT16 (means ± SEM; n = 4 in each group; *p < 0.05
in Student’s t test). Plasma corticosterone was mea-
sured at 60 min after the initiation of light exposure.
F) Endogenous circadian change of Per1, Per2,
Nr4a1, and G3PDH in the adrenal gland in constant
dark condition by Northern blotting of C57BL/6
mice. Note the clear circadian expression of Per1,
Per2, and Nr4a1 peaking Per1 at CT8 and Per2 and
Nr4a1 at CT12.
G) Adrenal Per1 and Nr4a1 mRNA response to light
at CT4 and CT16. Note both genes reacted greater
at subjective night than subjective day.Cry2−/− mice did not show any diurnal change (Figure S1).
These findings suggest that local adrenal clocks are implicated
in regulating light-induced gene expression (e.g., Nr4a1 in Fig-
ure 4F) and corticosterone release. However, this local clock
may not oscillate independently to SCN as SCN lesions abol-
ished all of these rhythms (Moore and Eichler, 1972; this study).
Current thought might predict that the SCN entrains the pe-
ripheral clock that generates the circadian rhythm of glucocor-
ticoid secretion, as it does other rhythms in peripheral organs,CELL METABOLISM : NOVEMBER 2005but it is also possible that the SCN drives the glucocorticoid
secretion rhythm without any intervening peripheral adrenal
clocks.
Nerve signals regulates adrenal gene expression
and corticosterone release
What signals mediate the changes in gene expression in the
adrenals and corticosterone secretion evoked by light? The ab-
sence of ACTH response to a light pulse indicates that this301
A R T I C L Epituitary hormone is not involved in light-induced corticoste-
rone release. The similarity of the time course of adrenal nerve
activities and the plasma corticosterone levels peaking at 60-
120 min after the light exposure (Figures 3A, 4D, and S2) sug-
gests the involvement of adrenal sympathetic nerves on the
adrenal gland response. To examine this possibility, we per-
formed ipsilateral adrenal nerve transection. Denervation of the
right adrenal nerve eliminated the light-induced increase of
Per1-luc luminescence in the ipsilateral adrenal gland, without
affecting the induction of Per1-luc in the contralateral adrenal
gland (Figure 5A).
There is a possibility that the operation accidentally injures
the closely associated vessels. To decrease this risk, we de-
vised a new protocol: hemiadrenalectomy in the right side and
the subsequent denervation on the left side, to explore the role
of the adrenal nerve on light-induced corticosterone release.Figure 5. Involvement of adrenosympathetic nerve on gene expression and glucocorticoid secretion
A) Light exposure (2000 lux white beam light for 30 min) on urethane-anesthetized transgenic animals operated hemidenervation of adrenal nerve 1 week before.
Denervation of right adrenal nerve silences the light-induced increase of Per1-luc luminescence in the ipsilateral adrenal gland, without affecting the induction of Per1-
luc in the contralateral adrenal gland.
B) Hemiadrenalectomy followed by the contralateral surgical adrenal denervation. After 1 week of the denervation experience, light (400 lux, 30 min, incandescent light)
was applied at CT16, and adrenal genes and plasma corticosterone were measured 1 hr after the start of the light exposure. Since the same level of corticosterone
elevation was evoked by the light exposure in animals received hemiadrenalectomization alone as unoperated controls, hemiadrenalectomy does not interfere this
response (compare Figure 5B with Figure 3A). However, hemiadrenalectomy plus(+) denervation completely suppressed the light-induced increase of corticosterone
level. Means ± SEM; n = 4 at each group. *p < 0.01 in Student’s t test.
C) Light-induced gene expression (Crem and Per1) after denervation. Note the adrenal gene expression occurred in nerve-intact adrenal glands, but not seen in
denervated ones.
D) Effects of light on the intracellular signaling in the adrenal gland. At 60 min after the light exposure, the amount of phosphorylation of ERK1/2 increases without
change of that of CREB. The levels of the total amount of ERK1/2 and CREB were not altered.302We first confirmed the light-induced elevation of plasma corti-
costerone in hemi(right)-adrenalectomized animals (Figure 5B),
of which the elevation magnitude is similar to that of control
unoperated animals (compare with Figure 3A). However, right
hemiadrenalectomy plus left denervation completely sup-
pressed the light-induced increase of corticosterone (Figure
5B). Consistent with this result, Crem and Per1 gene expres-
sions were not observed in the adrenals of hemiadrenalec-
tomy-denervated mice, although the hemiadrenalectomy alone
group showed almost normal expression (Figure 5C).
p44/42 MAPK signaling cascade involves in the light-
induced gene expressions in the adrenal gland
Then what are the cellular pathways required for the light-
induced gene expression in the adrenal gland? We examined
the status of phosphorylation of ERK1/2, p38 mitogen-acti-CELL METABOLISM : NOVEMBER 2005
Light activates adrenal glandsvated protein kinase (MAPK), and CREB (cAMP response ele-
ment binding protein) in the adrenal gland after the light expo-
sure. Light increased the phosphorylated form of ERK1/2
(Figure 5D), whereas the same stimulus could not change the
phospholylation level of p38 MAPK (data not shown). Levels of
phosphorylated CREB did not alter after the light exposure
(Figure 5D). These findings suggest the involvement of p44/42
MAPK signaling cascade on the light-induced gene expres-
sions in the adrenal gland. Then, what mediator links light sig-
nals to adrenal cortical cells? Although non-ACTH steroidgenic
mediators were still unrevealed, there are a couple of data indi-
cating that catecholamines in adrenal medulla increase the
cortical steroidgenic activity (Bornstein et al., 1990). Here, we
found that the light exposure immediately increased the
plasma level of adrenaline (Figure S3A), and the adrenaline
treatment (2 mg/kg, s.c.) dramatically increased the adrenal
Per1-luc luminescence and plasma corticosterone (Figure
S3B). These findings indicate the possible involvement of me-
dulla-cortical interaction on light-induced steroidgenic signals.
Dose dependence of light and plasma
corticosterone in vivo
At what level of light can corticosterone be induced from the
adrenal gland in living animals? To find whether the dose de-
pendency really occurs in the living conscious animals, we ap-
plied various strength of light for 30 min at CT16 in conscious
freely moving mice, and we measured serum level of cortico-
sterone at 60 min after the beginning of the exposure of light.
As shown in Figure 6A, light increased the corticosterone level
dose dependently and reached at its maximal level at 40 lux
when plasma corticosterone was used as an indicator. Interest-
ingly the induction level of corticosterone was constant from
40 lux until 2000 lux. This clearly demonstrated that the in-
duced plasma corticosterone level and the magnitude of light
signals are correlated. The light-evoked release of corticoste-
rone was dose dependent. The present 40 lux of light exposure
seems enough for inducing various physiological changes in
nocturnal animals, since light sensitivity of nocturnal rodents is
over 100 times higher than diurnal human in melatonin secre-
tion (Lewy et al., 1980) and behavioral phase shift (DeCoursey,
1972; Boivin et al., 1996).
Time course of corticosterone concentration
in the cerebrospinal fluid in freely moving
mice after light exposure
Corticosterone secreted from adrenal cortex acts on many cell
types throughout the body and plays important roles in devel-
opment, homeostasis, and brain functions (Reichardt et al.,
1998). The brain is an important target of corticosterone, where
it affects variety of functions related to forebrain limbic system
such as consolidation and retrieval of memory (Hesen et al.,
1996). To elucidate whether light-induced corticosterone surge
really occurs in the cerebrospinal fluid (CSF), we applied the
transverse microdialysis technique which was applied for the
analysis of melatonin (Nakahara et al., 2003). Microdiasates
were sampled from the cisterna magna in a freely moving
C57BL/6 mouse every 30 min at 9–10 days after implanting the
probe, and 30 min-exposure of light (1000 lux, ZT16.0-16.5)
was performed on the tenth microdialysis day. After light expo-
sure, corticosterone significantly increased after 30–90 min
(ZT15.5-16.0 and ZT16.5-17.0) of the initiation of the light (Fig-CELL METABOLISM : NOVEMBER 2005Figure 6. Effects of light on corticosterone in serum and cerebrospinal fluid
A) Association of the light intensity and plasma corticosterone. Various intensity
of incandescent light was exposed for 30 min, and blood was sampled at 60 min
after the initiation of light exposure. Light dose dependently increases plasma
corticosterone release. Means ± SEM; n = 5 in each group. *p < 0.01 in ANOVA
with Scheffe’s multiple comparisons.
B) Effect of light on corticosterone level in the cerebrospinal fluid (CSF) in freely
moving mice. Microdialysis-probe-attached mice were maintained in the 12 hr
light/12 hr dark cycle, and light was exposed at CT16.0–16.5 mice of the ninth
postoperative day. Samples were collected every half hour from the ninth and
tenth day. Data are expressed as the means ± SEM (n = 4) at the tenth day. Light
can clearly induce the surge of corticosterone in CSF.ure 6B), similar to the level of the circadian peak, although no
such change was observed in non-light-treated corresponding
time at one day before (data not shown). Brain corticosterone
is known to exert its effect through two closely related intracel-
lular receptors high affinity mineralocorticoid receptor (MR) and
low affinity glucocorticoid receptor (GR) in limbic brain (Arriza
et al., 1987; Hollenberg et al., 1985), where day-night change
of corticosterone occupation occurs (Reul et al., 1987). Since
the corticosterone concentration of light-induced CSF is rele-
vant to that of circadian peak, it is speculated that light-
induced corticosterone might activate both low-affinity GR and
high-affinity MR in limbic brain to allow the animals to react to
brightened environment.
Discussion
Recent human studies have revealed that light exposure in-
creases the serum or salivary cortisol levels in the morning303
A R T I C L E(Scheer and Buijs, 1999; Thorn et al., 2004; Leproult et al.,
2001) but not in the evening. Although this phase dependency
suggests the involvement of the circadian clock, the underlying
mechanisms have not been clarified. This is partly because the
relevant phenomena have not been observed in experimental
animals. In rats, Buijs et al. (1999) demonstrated transient de-
crease of corticosterone just 5 min after light exposure, which
returned to the previous level at 15 min. They did not measure
corticosterone levels thereafter. Since we found that light in-
duces a variety of genes at 30 min, peaking at 60–120 min, we
checked corticosterone levels until 3 hr, and found that light
induced delayed (60 min after the light exposure) activation of
corticosterone at subjective night (CT16).
Since the light-induced gene expression and corticosterone
release are evoked by the ACTH-independent SCN-sympa-
thetic adrenal nerve route, the present finding recalls the pio-
neering electrophysiological work of Niijima et al. (1992), who
demonstrated that brief light stimulation increased the activity
of sympathetic nerves at 60–90 min, and this delayed activa-
tion was blocked by the lesion of the SCN. We confirmed this
electrophysiological data in mice (Figure S2) and found that the
time course of the nerve activation is very similar to that of
elevated gene expression and corticosterone secretion after
light exposure, although the mechanism of delayed response
is still unknown. SCN-gated light signals were transmitted to
sympathetic preganglionic neurons through the multisynaptic
central sympathetic pathway (Loewy, 1981) (Figure 7). The
present finding suggests that this sympathetic nerve route is
crucial for light-induced corticosterone release, since the tran-
section of a sympathetic nerve route completely suppressed
this process.
Since this light-induced corticosterone does not accompany
ACTH release, it is unlikely that the endocrine HPA axis is in-
volved in this process. In a series of experiments in calves,
Edwards and Jones (1993) demonstrated that high frequency
stimuli of adrenal nerves and intra-aortic infusion of acetylcho-
line strongly potentiated the glucocorticoid response, withoutFigure 7. Schematic representation of the network
from light to peripheral tissues via SCN and adre-
nal glands
IML, intermediolateral cell collum of the spinal cord;
PVN, hypothalamic paraventricular nucleus; SPvZ,
subparaventricular zone.304accompanying the ACTH increase. Bornstein et al. (1990) re-
ported that the adrenal nerve stimuli on the adrenal cortex was
accompanied by the release of adrenaline and corticosterone
in the perfusate of the isolated porcine adrenals. The time
course similarity of light-induced nerve activity and the adrenal
gene expression/steroid-genetic activity with no change in the
ACTH level shown in our study are in agreement with their find-
ings. Since the stimulation of adrenal nerve failed to induce
glucocorticoid release in the absence of ACTH in functionally
hypophysectomized calf (Edwards and Jones, 1987), basal
secretion of ACTH is indispensable for exhibiting adrenal glu-
cocorticoid response by the adrenal nerve stimuli. For the cir-
cadian rhythms of plasma glucocorticoids, Meier and his col-
leagues have also reported that adrenal cortical response to
exogenously applied ACTH shows the circadian difference by
way of neural pathways to the adrenal in hypophysectomized
rats (Ottenweller and Meier, 1982), which challenges the previ-
ous view that circadian rhythms of corticosterone release are
induced by the circadian secretion of ACTH, based on human
data sampled continuously from the same person showing par-
allel circadian changes in ACTH and corticosterone (Keenan et
al., 2004). Our findings on the adrenal gland suggest a mecha-
nism analogous to that described decades ago for the mam-
malian pineal gland (Moore, 1996). By the route of sympathetic
nervous system, light suppresses melatonin secretion from the
pineal gland but activates corticosterone release from the adre-
nal cortex.
What is the physiological role of light-induced corticosterone
release? In invertebrates and vertebrates other than mammals,
light signals directly reach to peripheral cells and entrain local
circadian clocks via intrinsic local photoreceptors (Plautz et al.,
1997; Whitmore et al., 2000; Okano et al., 2001). In mammals,
however, light perception is restricted to the eye (Wright and
Czeisler, 2002), and retinohypothalamic tract conveys retinal
light information to the circadian center SCN and entrains the
clock. The surge of plasma corticosterone after light exposure
indicates that environmental light signals are instantly con-CELL METABOLISM : NOVEMBER 2005
Light activates adrenal glandsverted to glucocorticoid signals in the blood and CSF. Balsalo-
bre et al. (2000) proposed glucocorticoid as a metabolic phase
resetter, using mice with liver-specific inactivation of the gluco-
corticoid receptor gene. Then, the present light-induced mas-
sive corticosterone release may entrain metabolically peripheral
clock to environmental light-dark cycle through its prevailing
receptors located in virtually all cells in the body (Hollenberg et
al., 1985).
A number of reports have indicated that light has broad auto-
nomic, endocrine and immune effects (Rosenthal et al., 1984;
Chesson et al., 1999; Knutsson, 2003; Filipski et al., 2004). Our
present observation demonstrates that SCN gates external
light signals, and exerts phase-dependent outputs, and in-
duces massive gene expression in the adrenal cortex. Finally,
corticosterone is secreted from the gland, and acts on many
different cell types showing varieties of functions: among of
which corticosterone may shift the time of the body clock to
the environmental light-dark cycles (Balsalobre et al., 2000).
Light-induced massive secretion of adrenal corticosterone may
play a key role in light-evoked physiological changes in the
body and the brain.
Experimental procedures
Animals and light exposure
We used male C57BL/6J mice at 6–8 weeks of age (Japan Animals Co.,
Osaka, Japan). All animals were maintained under a 12 hr light (fluorescent
light, 300 lux)/12 hr dark (LD) cycle and allowed free access to food and
water at least 2 weeks. The experimental procedure of this research was
approved by the Committee for Animal Research of Kobe University. Two
types of light exposure were conducted as follows. For DNA microarray
analysis, Northern blotting, in situ hybridization, and plasma hormone mea-
surement (corticosterone and ACTH), we applied incandescent light (400
lux, 30 min beginning at CT16), to conscious freely moving mice, which
were transferred to constant dark 2 days before. For macroimaging using
Per1-luc animals and electrophysiology, we performed the experiment un-
der urethane-anesthesia, by applying the white light beam of a glass fiber
illumination apparatus with a heat-absorbing filter (LGPS, Olympus, Tokyo,
Japan) to the 10 cm in front of the eyes. We performed the graded strength
of stimulus irradiance of light (300, 900, and 2000 lux), the level of which
was measured by a light meter (LI-250, LI-COR, Lincoln, Nebraska).
Surgery
A bilateral thermal lesion of the SCN was performed stereotaxically as de-
scribed previously (Terazono et al., 2003). To examine the role of adrenal
sympathetic nerves on the adrenal gene expressions, we performed ipsilat-
eral (right) adrenal nerve transaction in Per1-luc transgenic mice. We cut
the right greater splanchnic nerve around the superior, middle, and inferior
adrenal arteries just proximal to the entrance of the adrenal gland. One
week later, we examined the bioluminescence of left and right adrenal
glands at 60 min after the beginning of the light. To examine the effect of
adrenal innervation on corticosterone release, the unilateral adrenalectomy
was performed first by removal of the right-hand adrenal via a retroperito-
neal approach from groups of C57BL/6J mice, followed by the denervation
of adrenal nerves innervating the remaining left adrenal glands after 2
weeks. We checked adrenal histology with hematoxylin-eosin staining after
finishing the experiment. We confirmed no pathological changes such as
necrosis in the adrenal gland due to the cutting vasculature accidentally.
Microarray analysis
Light exposure (400 lux) was performed for 30 min beginning at CT16 to
the 2nd day of DD housed mice, followed by putting back these animals
into complete dark condition. After 30 min (CT17:00), animals were decapi-
tated, and their adrenal glands were taken from these mice and trimmed by
removing the surrounding tissue and immediately immersed in RNAlater
(AMBION, Austin, Texas). Adrenal glands from six light-exposed mice and
six light-unexposed control mice were collected together, and total RNACELL METABOLISM : NOVEMBER 2005was extracted by using Trizol (Invitrogen, Carlsbad, California). RNA was
converted to cDNA, cRNA, and hybridized to DNA sequences contained in
the U74A (12,488 murine known genes, Affymetrix) chip. Information from
at least duplicate samples of each source was compared and statistical p
value < 0.001.
Northern blot analysis
Mice were decapitated, adrenals were rapidly dissected out, and RNA was
prepared as described in DNA microarray. For generation of 32P-radiola-
beled probes, the following fragments were obtained by RT-PCR: Per1 (1638-
3373, AF022992), Per2 (1-636, AF035830), Nr4a1 (3-630, NM010444), Nr4a2
(12-793, NM013613), Crem (1731-2303, M60285), ApoA1 (1449-1811,
U79573), Serpina1 (928-1328, M25529), and Human G3PDH cDNA control
probe was purchased from Clontech (Palo Alto, California).
In situ hybridization
In situ hybridization was applied to detect region-specific change of Per1
and Per2 signals by the light exposure. With the antisense 45-mer oligonu-
cleotide probes: Per1 (5#-TGCTTGTATGGCTGCTCTGACTGCTGCGGGT
GATGCTGGCTGAGG-3#), and Per2 (5#-GCTCCTTCAGGGTCCTTATCAGTT
CTTTGTGTGCGTCAGCTTTGG-3#). Hybridization was performed as shown
in published reports (Masubuchi et al., 2000; Abe et al., 2001), and sections
were exposed to Imaging plate (BAS 5000) or X-ray films (Hyperfilm-max,
Amersham Pharmacia) for weeks. For semiquantification of mRNA levels,
three representative sections from each animal were exposed to a single
X-ray film for the measurement of the relative optical density with MCID
(Imaging Research, Ontario, Canada). Mean value of mRNA signals in zona
glomerurosa in non-light-exposed animals was defined as 1.
Measurement of plasma ACTH and corticosterone
Each plasma sample was extracted with ethyl ether for the measurement of
corticosterone with an enzyme immunoassay kit (EA 66, Oxford Biomedical
Research, Oxford, Michigan). Quantitative results were obtained by measur-
ing and comparing the absorbance reading of the wells of the samples
against the standards with a microplate reader at 650 nm. This kit does not
cross-react with aldosterone, testosterone, and cholesterol. Plasma ACTH
was determined using an ACTH-RIA kit (Nichols Institute Diagnostics, San
Clemente, California). This RIA kit does not cross-react with α-MSH,
β-MSH, β-LPH, and β-endorphin.
Western blotting
Adrenal samples (n = 4 for each condition) were homogenized in a lysis
buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1% Triton X-100, 0.1%
Nonidet P-40, 4 mM EDTA, 4 mM NaF, 0.1 mM Na3VO4, 0.1 mM phenyl-
methylsulfonyl fluoride, and a protease inhibitor cocktail [Roche]) and incu-
bated on ice for 30 min. Insoluble debris were pelleted, and the supernatant
was used as the adrenal lysate. The protein concentration was determined
with the Bradford method and adjusted to 5 mg/ml. The lysate was mixed
with 5× SDS sample buffer and boiled for 5 min. Samples (40 g) were
resolved on SDS-10% polyacrylamide gel, and transferred to a PVDF mem-
brane. We used rabbit antisera against Phospho-ERK1/2, ERK1/2, Phos-
pho-CREB, CREB, and Phospho-p38 MAPK (1:1000, Cell Signaling) as the
primary antibodies. HRP-conjugated anti-rabbit IgG antibody (1:1000, Am-
ersham) was used as the secondary antibody.
Macroimaging of adrenal glands
Organ-specific change of Per1 gene transcription was monitored in vivo by
the macroimaging of transgenic mice (6–10 weeks of age) with the 5#-
upstream region of themPer1 gene fused to the luciferase gene (Yamaguchi
et al., 2000). The details of procedure for immobilization and physical status
of operation is detailed (Mutoh et al., 2003). In brief, each mouse was anes-
thetized with an injection of urethane (1.4 g/kg, ip), and supplemental doses
were given hourly as needed. Saline containing 10 mM luciferin was admin-
istered at a rate of 15 l/hr from the femoral vein. These experimental condi-
tions keep luciferin in the blood at a constant level (3.49 ± 0.17 M [n = 6])
for up to 360 min after the injection. The trachea was exposed and cannu-
lated with a tracheal tube with mechanical ventilation provided with oxygen-
enriched humidified air. The preparation was allowed to stabilize for 30 min
under a dim red safelight with illuminance of less than 0.1 lux before staring
experiments. Nighttime experiments were conducted 2–6 hr after the light305
A R T I C L Eoff, and day time experiments were 2–6 hr after lights on. Light stimuli were
applied to the eyes by exposing a white light beam of a glass fiber illumina-
tion apparatus with a heat-absorbing filter (LGPS, Olympus, Tokyo, Japan).
Light exposure was conducted at nighttime unless we mentioned. For the
effect of SCN-lesion and left adrenal nerve denervation, we applied strong-
est light intensity (2000 lux, white light beam for 30 min), and for the experi-
ment of light intensity-dependent change, we applied weak (300 lux) and
medium (900 lux) intensities of white beam light each for 30 min. Under
continuous application of saline with luciferin, the bioluminescence from
the visceral organs was measured by a two-dimensional photon-counting
camera (Imaging Photon Detector IPD 418, Photek, East Sussex, United
Kingdom).
Electrophysiology
C57BL/6 mice were prepared and operated under the anesthesia with ure-
thane as described in macroimaging. Efferent units were recorded in a
strand of the greater splanchnic nerve. For recording the adrenal nerve ac-
tivity (ANA), the left adrenal nerve was exposed by the transabdominal ap-
proach and identified near the adrenal gland (Mutoh et al., 2003). The signal
recorded via the electrode was amplified, filtered (0.3–3 kHz), counted every
second as population activity in nerves by a pulse counter after passing
through a window discriminator, and fed in parallel to an oscilloscope, ther-
mal chart recorder, audio monitor, and a digital tape-recorder with a sam-
pling rate of 10 kHz per channel for off-line analysis.
Microdialysis
C57BL/6 mice were anesthetized with sodium pentobarbital and placed in
a stereotaxic Narishige apparatus inserting a transverse dialysis tube into
the skull under the guidance of a stainless steel wire attached in a horizontal
position to a stereotaxic holder (Nakahara et al., 2003). The mice were al-
lowed at least 1 week to recover from the surgery. Thereafter, the animals
were moved to an acrylic test box with the transverse probe being perfused
with a Ringer’s solution (138 mM NaCl, 2.4 mM KCl, 1.2 mM CaCl2, [pH
7.0]) at 1 ml/min. Daily samples were automatically collected every 30 min
in a small vial. The mice had free access to food placed on the floor of the
test box and to water given from the lid of the box.
Supplemental data
Supplemental Data include three figures, Supplemental Experimental Pro-
cedures, and Supplemental References and can be found with this article
online at http://www.cellmetabolism.org/cgi/content/full/2/5/297/DC1/.
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